Abstract-The infarct-sparing effect of the late phase of ischemic preconditioning (late PC) lasts for 72 hours. Upregulation of both cyclooxygenase-2 (COX-2) and inducible NO synthase (iNOS) has been shown to be essential to the protection in the initial stage of late PC (24 hours after PC); however, the mechanisms underlying the protection in the final stage of late PC (48 to 72 hours after PC) are unknown. Conscious rabbits were preconditioned with six cycles of 4-minute coronary occlusion/4-minute reperfusion. At 72 hours after PC, powerful protection against infarction was associated with increased myocardial levels of COX-2 mRNA, protein, and cardioprotective prostaglandins (PGI 2 and PGE 2 ). The COX-2-selective inhibitor NS-398 completely blocked the protection. Surprisingly, iNOS expression was not increased at 72 hours; instead, upregulation of neuronal NO synthase (nNOS) was evident at both the mRNA (ϩ266Ϯ20%, PϽ0.005) and the protein levels (ϩ195Ϯ66%, PϽ0.005), which was accompanied by an increase in myocardial nitrite/nitrate (ϩ20Ϯ4%, PϽ0.
I schemic preconditioning (PC) is an endogenous protective mechanism whereby episodes of sublethal ischemia render the myocardium more resistant to subsequent ischemic stress. 1 The late phase of ischemic PC (late PC) is a cardioprotective state that becomes manifest at 12 to 24 hours after the PC stimulus and lasts until 72 hours. 2, 3 Because late PC persists for a substantial period of time and protects the heart against both myocardial infarction and myocardial stunning, it has potential clinical relevance. 4, 5 In the past decade, considerable research has focused on understanding the cellular and molecular mechanisms underlying late PC in the hope that this powerful cardioprotective phenomenon can be replicated for therapeutic purposes. 4, 5 From these studies, it is now appreciated that late PC is a complex process that involves a network of intricate regulatory mechanisms at the levels of cell signaling and gene expression. In particular, a central role has emerged for NO and the NO synthase (NOS) gene family in the development of late PC. For instance, the inducible NOS (iNOS) has been identified as an obligatory mediator of the cardioprotection afforded by late PC. 6 This is based on the fact that iNOS is upregulated in cardiac myocytes after ischemic PC, 7, 8 and that pharmacological inhibition of iNOS activity or genetic inactivation of the iNOS gene completely abrogates the protective effects of late PC at 24 hours after the PC stimulus. 7, 9, 10 NO derived from the endothelial NOS (eNOS), on the other hand, appears to be required during the initial ischemic challenge 11, 12 to activate the cellular signaling cascade that leads to late PC. 6 Curiously, the potential involvement in late PC of the neuronal NOS (nNOS), the third member of the three-member gene family, has so far not been investigated, although this enzyme has emerged as a key regulator of critical cardiac functions such as heart rate, 13, 14 calcium cycling, [15] [16] [17] sodium transport, 18 and energy metabolism. 19, 20 In addition to NOS, convincing evidence has shown that the cyclooxygenase-2 (COX-2) pathway is also essential in conferring the cardioprotection afforded by late PC. COX-2 is co-upregulated with iNOS after ischemic PC, resulting in increased synthesis of cardioprotective prostaglandins (PGs) such as PGI 2 and PGE 2 . 21 At 24 hours after ischemic PC, administration of COX-2-selective inhibitors abolishes the increase in PGI 2 and PGE 2 as well as the cardioprotection. 21, 22 More recently, it has become apparent that, at 24 hours after PC, iNOS and COX-2 do not act independently of one another but, rather, in concert. In particular, although the upregulation of COX-2 parallels that of iNOS, the enzymatic activity of newly expressed COX-2 protein requires the presence of iNOS-derived NO. 23 Thus, COX-2 is located downstream of iNOS in the cascade of cardioprotective proteins induced by ischemic PC.
In spite of these remarkable advances in the field, a conspicuous gap of knowledge remains, in that so far virtually all mechanistic studies have focused on the cellular and molecular events occurring in the initial stage of late PC (24 hours after the stimulus), whereas the cardioprotective effects of late PC persist for 72 hours. 2, 3 To date, the mechanisms underlying the final stage of late PC (48 to 72 hours after the stimulus) remain completely unknown. The present investigation was designed to systematically address this issue by (1) measuring the expression of all three NOS isoforms (iNOS, eNOS, and nNOS), NOS activity, COX-2 expression, and COX-2-derived prostanoids at serial times after ischemic PC, (2) determining the effect of iNOS, nNOS, and COX-2 inhibition on the cardioprotective properties of late PC at 72 hours, and (3) elucidating the hierarchical relationship between nNOS and COX-2 at 72 hours. All studies were performed in a well-established conscious rabbit model of late PC so as to avoid the potentially confounding influences of anesthesia, trauma, and associated abnormal conditions. 9, 11, 12, 21, 23 Surprisingly, we found that at 72 hours after PC, the cardioprotection is mediated by nNOS, not iNOS. These results reveal a heretofore unrecognized difference in the mechanism of late PC at 72 hours versus 24 hours and identify, for the first time, a cardioprotective role of nNOS.
Materials and Methods
The conscious rabbit model of late PC 9, 11, 12, 21, 23 and expanded Materials and Methods are described in the online data supplement available at http://circres.ahajournals.org.
New Zealand White rabbits were purchased from Myrtles Rabbitry (Thompson Station, Tenn) and used in this study. All procedures were approved by the Animal Care and Use Committee of the University of Louisville and followed the Guide for the Care and Use of Laboratory Animals (Department of Health and Human Services, National Institutes of Health, Publication No. 86-23).
RNase Protection Assay
RNase protection assay (RPA) was used to assess the steady-state level of COX-2 mRNA in rabbit hearts. A 294-bp HincII/ScaI fragment of the rabbit COX-2 cDNA was used as template for an antisense riboprobe. 21 
RT-PCR/Southern Blot Analysis
Semiquantitative RT-PCR was used to assess the steady-state level of nNOS mRNA in rabbit hearts. The following primers (derived from GenBank Accession No. U91584) were used in PCR amplifications of the nNOS common region (25 cycles): sense 5Ј-CTT-GGCTCAACCGAATACCT-3Ј; antisense 5Ј-GTCCCCGCACA-CGTAGATG-3Ј. An internal primer (5Ј-AACAGCGGCAGT-TTGACAT-3Ј) was used as a probe for subsequent Southern blot analysis. Amplification of a rabbit GAPDH fragment was used as a quantitative control. In addition, the following primers were used to amplify the nNOS region harboring the exon-insertion: sense 5Ј-TGCACCTGGAACACGAAACT-3Ј; antisense 5Ј-GAACACG-GAGAACCTCACAT-3Ј. Internal primers 5Ј-CAGCACCTTTGG-CAATGGAG-3Ј and 5Ј-GCAAGGGTTCCGGGTACT-3Ј were used as probes for common and nNOS-specific sequences, respectively.
Real-Time RT-PCR
nNOS mRNA levels were further assessed with real-time RT-PCR using the following primers and probe: sense 5Ј-TTAGCCGTC-AAAACCTCCAGAG-3Ј; antisense 5Ј-CTCCTGACTCCCGTT-GGTGT-3Ј; probe 5Ј-CCAGCCGCTCCACCATCTTCGTGC-3Ј. PCR products for nNOS were continuously measured by the sequence detector and normalized by the endogenous reference (GAPDH). Three replicates for each RNA sample were performed.
Cloning of the Rabbit nNOS
The RT-PCR fragment containing exon as described was gelpurified, subcloned into the pCRII vector (Invitrogen), and subjected to DNA sequencing analysis on both strands.
Western Blot Analysis
Total cellular protein samples were separated on polyacrylamide/ SDS gels and transferred onto nitrocellulose membranes. The following primary antibodies were used for Western blot analyses: an anti-COX-2 monoclonal antibody (BD Biosciences), an anti-COX-1 polyclonal antibody (Santa Cruz Biotechnology), an anti-iNOS polyclonal antibody (Upstate Biotechnology), an anti-universal NOS polyclonal antibody (Affinity Bioreagents), and an anti-nNOS monoclonal antibody (BD Biosciences). 7, 8 
Measurement of Prostaglandins
Myocardial 6-keto-PGF 1␣ and PGE 2 were measured using enzyme immunoassays as described previously. 21 
Measurement of Nitrite and Nitrate
Myocardial nitrite and nitrate were measured using a nitrate/nitrite colorimetric assay kit (Cayman Chemical) according to the manufacturer's protocol.
Infarct Size
Twelve groups of rabbits were studied (online Figure 1 , available in the online data supplement). Group I (control) underwent a 30-minute coronary occlusion without any pretreatment. Groups II (PC 24 hour) and III (PC 72 hour) were preconditioned 24 hours and 72 hours before the 30-minute occlusion, respectively, with six 4-minute occlusion/reperfusion cycles. 9, 11, 12, 21, 23 Group IV (PC 72 hourϩNS-398) was preconditioned 72 hours earlier and received the COX-2-specific inhibitor NS-398. 21 Group V (PC 72 hourϩL-NA) was preconditioned 72 hours earlier and received the nonselective NOS inhibitor N -nitro-L-arginine (L-NA). 9 Groups VI (PC 24 hourϩNPA) and VII (PC 72 hourϩNPA) were preconditioned 24 and 72 hours earlier, respectively, and received the nNOS-selective inhibitor N-propyl-L-arginine (NPA). Group VIII (NPA) was given NPA before the 30-minute occlusion without PC to exclude the possible effect of NPA itself on infarct size. Group IX (PC 72 hourϩSEPIT) was preconditioned 72 hours earlier and received the nNOS-selective inhibitor S-ethyl N- [4-(trifluoromethyl) phenyl]isothiourea (SEPIT). Group X (SEPIT) was given SEPIT without PC to exclude the possible effect of SEPIT itself on infarct size. Groups XI (PC 24 hourϩSMT) and XII (PC 72 hourϩSMT) were preconditioned 24 and 72 hour earlier, respectively, and received the iNOS-selective inhibitor S-methylisothiourea sulfate (SMT). 12 
Statistical Analysis
Data are reported as meanϮSEM. Results were analyzed by either a 1-way or a 2-way repeated-measures ANOVA, as appropriate, followed by unpaired Student t tests with the Bonferroni correction.
Results
A total of 131 rabbits were instrumented for this study. The reasons for exclusion are detailed in online Table 1 (in the online data supplement).
Upregulation of COX-2 Expression and Activity
COX-2 mRNA was expressed at low levels in the heart of control rabbits. After ischemic PC, the steady-state levels of COX-2 mRNA in the ischemic/reperfused region increased markedly at 1 hour (352Ϯ85% of control), remained elevated at 3 hours, and then decreased but were still elevated at 24 hours (212Ϯ25% of control) ( Figure 1A and 1B). The COX-2 mRNA levels appeared to reach a second peak at 72 hours (317Ϯ81% of control), which eventually returned to control levels at 120 hours after ischemic PC ( Figure 1A and 1B). In accordance with these data, an increase in COX-2 protein was observed in the ischemic/reperfused region at 24 and 72 hours after PC ( Figure 1C and 1D) . Surprisingly, COX-2 protein levels remained elevated at 120 hours after PC, a time when the cardioprotective effects of ischemic PC are known to have disappeared. 2,3 COX-1 protein was detected at low levels in control hearts and did not change in preconditioned hearts at any time points (data not shown).
The myocardial content of cardioprotective prostanoids (PGI 2 and PGE 2 ) was measured to assess COX-2 enzymatic activity. We found that both 6-keto-PGF 1␣ (the stable metabolite of PGI 2 ) and PGE 2 levels were increased in the ischemic/reperfused region at 24 and 72 hours after PC (Figure 2 ). These changes are consistent with the upregulation of COX-2 protein and the time-course of cardioprotection afforded by ischemic PC. At 120 hours after PC, 6-keto-PGF 1␣ and PGE 2 levels declined and were only marginally higher than in control rabbits (165Ϯ33% and 189Ϯ21% of control, respectively) (Figure 2 ), although COX-2 protein levels were still elevated at this time-point ( Figure 1C and 1D) . The decrease in cardioprotective PG levels is in agreement with the disappearance of cardioprotection at 120 hours. 2,3
Upregulation of nNOS Expression and Activity
As shown in our previous studies in mice, 7, 8 iNOS protein was present in control rabbit hearts at low but detectable levels and increased in the ischemic/reperfused region 24 hours after ischemic PC (195Ϯ29% of control, Figure 3A and 3B). Surprisingly, however, iNOS was not upregulated at 72 hours, when the protection of late PC against infarction was still evident. In contrast, a significant upregulation of nNOS in the ischemic/reperfused region was evident at 72 hours after ischemic PC. The steady-state levels of nNOS mRNA did not change at 24 hours but increased significantly at 72 hours (366Ϯ20% of control), as assessed by both RT-PCR/ Southern blotting and real-time RT-PCR, and returned to control levels at 120 hours ( Figure 4A and 4B). In accordance with these data, an increase in nNOS protein levels in the ischemic/reperfused region was observed at 72 hours (295Ϯ66% of control) but not at 120 hours after PC ( Figure  4C and 4D) . A trend toward upregulation in nNOS protein Myocardial content of (A) 6-keto-PGF 1␣ and (B) PGE 2 after ischemic PC. At 24 and 72 hours after PC, the levels of 6-keto-PGF 1␣ and PGE 2 in the ischemic/reperfused region increased markedly, whereas they were only marginally higher than those in control rabbits at 120 hours after PC. Data are meanϮSEM.
could already be observed at 24 hours, but it did not reach statistical significance ( Figure 4D) . Interestingly, the nNOS protein found in the heart was slightly larger than that in the brain ( Figure 4C ), in line with the size of the nNOS variant that was previously reported in rat hearts. 24 As previously reported, 8 eNOS protein was not significantly upregulated at any time-point after ischemic PC ( Figure 3C and 3D) .
The myocardial content of the stable NO metabolites nitrite and nitrate (NOx) was measured to determine NOS activity. At 24 hours after PC, NOx increased significantly in the ischemic/reperfused region (127Ϯ6% of control), but not in the nonischemic region ( Figure 4E ). This increase in NOx coincided with the increase in iNOS protein, and was most likely a reflection of iNOS enzymatic activity. NOx in the ischemic/reperfused region remained elevated at 72 hours after ischemic PC (120Ϯ4% of control) ( Figure 4E ). Based on the expression profile of NOS isoforms at this time-point, this increase in NOx was likely a consequence of nNOS enzymatic activity. At 120 hours after PC, NOx returned to control levels.
An unexpected finding was that unlike COX-2 and iNOS, whose upregulation was limited to the ischemic/reperfused region ( Figures 1C, 1D, 3A , and 3B), nNOS protein levels increased also in the nonischemic region ( Figure 4C and 4D ).
This increase, however, was not accompanied by an increase in NOx ( Figure 4E ).
Preferential Induction of nNOS
Exon-specific Southern blotting was used to determine the nNOS transcript(s) that accounted for ischemic PC-induced upregulation of the nNOS gene. We found that both the nNOS␣ and the nNOS variants were expressed in the heart of control rabbits but at levels much lower than those in the brain and skeletal muscle ( Figure 5A and 5B). At 72 hours after ischemic PC, both variants were upregulated; however, the increase in nNOS levels was more prominent (7.0-fold versus 2.9-fold for nNOS␣; Figure 5C and 5D). Sequence analysis following cDNA cloning demonstrated that the rabbit nNOS was highly homologous to the human nNOS, 25 sharing 33/34 similarity at the amino acid level ( Figure 5E ). In comparison, the rat (identical to the mouse) nNOS 24 shares only 28/34 similarity with the human nNOS. Noticeably, only the carboxy-end serine residue (Ser31), among the five that were originally identified in the rat/mouse nNOS and thought to be potential phosphorylation sites, was conserved in all four species; in contrast, Ser20 in rat/mouse was replaced by a threonine in human/rabbit, implying potentially differential regulation in nNOS phos- phorylation among these species. In addition, the potential N-myristoylation site GLAAAR, which could affect subcellular localization of this protein, was conserved only between humans and rabbits. Based on the deduced amino acid sequences, the nNOS protein is 3.8 kDa larger than nNOS␣ in rabbits (164.5 versus 160.7 kDa), consistent with the Western blot results ( Figure 4C ).
Infarct Size
As expected, 9,21 infarct size was significantly smaller in rabbits preconditioned 24 hours earlier than in control rabbits (33.5Ϯ3.0% versus 56.6Ϯ3.2% of the risk region; PϽ0.05) ( Figure 6 ). A similar infarct-sparing effect was observed in rabbits preconditioned 72 hours earlier (35.4Ϯ2.1% of the risk region). Administration of the COX-2-selective inhibitor NS-398 blocked the infarct-sparing effect of late PC at 72 hours (52.8Ϯ3.3% of the risk region). This finding is consistent with our previous observation at 24 hours after PC 21 and suggests that COX-2 is an essential factor in mediating the cardioprotective effect of late PC at both 24 and 72 hours. Administration of the nonselective NOS inhibitor L-NA completely blocked the infarct-sparing effect of late PC at 72 hours (55.5Ϯ3.6% of the risk region), indicating that the protection at this time-point was NOS-dependent. Isoformselective inhibitors were then used to discern the role of nNOS from that of iNOS. Administration of the nNOSselective inhibitor NPA failed to block cardioprotection at 24 hours after ischemic PC (infarct size, 30.5Ϯ4.6% of the risk region). However, the same dose of NPA completely blocked the infarct-sparing effect of late PC at 72 hours (57.5Ϯ3.7% of the risk region) ( Figure 6 ). Similar results were obtained with SEPIT, a structurally different nNOS-selective inhibitor at both 1.0 and 0.5 mg/kg ( Figure 6 ) (because the results obtained with the two doses were similar, the data are combined in Figure 6 ). The iNOS-selective inhibitor SMT had effects diametrically opposite to those of NPA. SMT completely blocked cardioprotection at 24 hours after ischemic PC (58.3Ϯ3.7% of the risk region), an effect similar to that of another iNOS inhibitor, aminoguanidine, 9 but failed to block the infarct-sparing effect of late PC at 72 hours (37.4Ϯ2.7% of the risk region) ( Figure 6 ).
Discussion
Although the cardioprotective effects of late PC last for 72 hours, 2,3 almost all investigations have focused on the first 24 hours after the PC stimulus. At present, essentially nothing is known regarding the mechanism of the final stage of late PC (48 to 72 hours after PC). In most investigators' minds, a tacit assumption has been made that late PC is a monolytic phenomenon, underlain by the same mechanism throughout its duration. This assumption, however, has never been tested and is shown to be incorrect by our present results.
The salient findings of this study can be summarized as follows: (1) at 72 hours after the PC stimulus, a powerful protection against myocardial infarction is still present, equivalent to that observed at 24 hours; (2) this state of cardioprotection is associated with upregulation of COX-2 and is abrogated by COX-2 inhibitors, indicating that COX-2 activity plays a necessary role; (3) the infarct-sparing effect observed at 72 hours is associated with increased NO biosynthesis and is abolished by L-NA, indicating that it is dependent on a NOS isoform; (4) neither iNOS nor eNOS protein expression is upregulated at 72 hours, and pharmacological inhibition of iNOS fails to block the infarct-sparing effect at this time-point (although it effectively does so at 24 hours), suggesting that the NOS isoform involved at 72 hours is neither eNOS nor iNOS; (5) in contrast, nNOS is upregulated at 72 hours, both at the mRNA and at the protein levels, and inhibition of nNOS completely abrogates the infarctsparing effects of late PC, indicating an important role of this isoform; (6) in line with this concept, the disappearance of protection at 120 hours after PC is associated with a return of nNOS mRNA, protein, and activity to control levels; and (7) although the expression of COX-2 protein at 120 hours is similar to that seen at 72 hours, COX-2-derived prostanoid levels are much lower, indicating that the enzyme is only marginally active at this time-point, when NOS is no longer upregulated. Taken together, these findings indicate that upregulation of both COX-2 and nNOS is required for the protection against myocardial infarction to become manifest during the final stage of late PC (72 hours after the stimulus) and that, at this stage, the activity of newly-synthesized COX-2 protein is driven by NO derived from nNOS.
Previous studies have demonstrated an obligatory role of iNOS 7, 8 and COX-2 21 at 24 hours after PC. However, to our knowledge, this is the first evidence that COX-2 is required for the final stage of late PC, whereas iNOS is not. Furthermore, this is the first report that nNOS is involved in the phenomenon of late PC, and that the mechanism responsible for this adaptation differs at 72 versus 24 hours (ie, nNOS is the mediator at 72 hours, whereas iNOS is the mediator at 24 hours). The recognition that nNOS serves as an obligatory mediator of late PC at 72 hours reveals a new facet of the function of this poorly understood enzyme in the cardiovascular system.
Role of COX-2 in Late PC
It has been known for more than two decades that prostanoids such as PGE 2 and PGI 2 , or their analogues, protect the myocardium against ischemia/reperfusion injury 26 -28 (see review). 5 Recent studies have provided cogent evidence that COX-2-derived prostanoids play an essential role in conferring cardioprotection in the initial stage of late PC (24 hours after ischemic PC) in both rabbits 21 and mice. 22 The present results corroborate these previous findings and expand them by demonstrating that COX-2 activity is also essential for the protection observed during the final stage of late PC (72 hours after the PC stimulus). Thus, COX-2 serves as an obligatory mediator of protection throughout the entire duration of late PC.
Besides being activated at the gene level, the COX-2 pathway is also regulated at the level of enzymatic activity. Previous studies have shown that COX-2 is activated by NO, 29, 30 although it is still debatable whether the effector is NO itself or an NO-derived species, such as peroxynitrite. 30 We have recently shown that NO derived from iNOS drives prostanoid synthesis by COX-2 in a cGMP-independent manner in rabbit hearts 24 hours after ischemic PC. 23 Our present findings show that at 72 hours, when myocardial levels of NOx were increased, PGI 2 and PGE 2 levels were elevated and cardioprotection was present. In contrast, at 120 hours, when myocardial levels of NOx were no longer increased, PGI 2 and PGE 2 levels were only marginally elevated (much less than at 72 hours) despite the fact that the upregulation of COX-2 protein expression was almost the same, and cardioprotection was absent. These observations support the concept that enhanced biosynthesis of NO is required to drive production of cytoprotective prostanoids by COX-2 and to effect protection at 72 hours, in analogy with our previous data obtained at 24 hours. 21, 23 The major difference appears to be the source of the NO that stimulates COX-2 activity, ie, nNOS at 72 hours versus iNOS at 24 hours.
Role of nNOS in Late PC
The nNOS inhibitor used in this study, NPA, is reported to be 3158-and 149-times more selective for nNOS than for iNOS and eNOS, respectively. 31 We further confirmed the specificity of this inhibitor at the dose used herein by showing that NPA had no effect on iNOS, because it did not block iNOS-mediated cardioprotection at 24 hours after ischemic PC, and had no effect on eNOS, because it did not affect eNOS-mediated vasodilation in response to acetylcholine (online Figure 2) . Administration of a second nNOS inhibitor, SEPIT, which is structurally different from NPA and is reported to be 115-and 29-times more selective for nNOS than for iNOS and eNOS, respectively, 32 produced similar results. In contrast, in this rabbit model, iNOS inhibitors effectively block cardioprotection at 24 hours 9 and L-NA (a nonselective NOS inhibitor) blunts acetylcholine-dependent vasodilation. 11 Thus, the abrogation of protection after administration of NPA or SEPIT at 72 hours indicates a critical role of nNOS in the infarct-sparing effects observed during the final stage of late PC. Involvement of iNOS or eNOS in the final stage of late PC seems unlikely because neither gene was upregulated at this stage and the iNOS-selective inhibitor SMT (used at doses that block protection at 24 hours after ischemic PC 23 ) failed to block protection at 72 hours. eNOSselective inhibitors are not available at present.
The findings that the protection at 72 hours was blocked by NS-398 and that both prostanoid synthesis and protection had largely dissipated at 120 hours, when nNOS was no longer upregulated but COX-2 protein expression was still increased, strongly suggest that nNOS confers infarct-sparing effects by enhancing the synthesis of COX-2-dependent cardioprotective prostanoids. It remains possible that nNOS may also mediate the cardioprotection afforded by late PC through other mechanisms. For example, the mitochondrial NOS (mtNOS) has been molecularly cloned and confirmed to be nNOS (with possible alternative splicing). 20 Activation of mitochondrially localized nNOS may lead to transient inhibition of mitochondrial ATP production, 19, 20 which may, in turn, modulate myocardial contractility. 19 Moreover, recent studies have localized nNOS to the cardiac sarcoplasmic reticulum. 15 Compartmentalized release of NO in this important subcellular organelle is believed to play a key role in regulating calcium kinetics in cardiac myocytes and, in turn, myocardial contractility; however, it remains controversial whether nNOS-derived NO facilitates or reduces contractility. 16, 17 Lastly, nNOS in cardiac nerves may act to reduce heart rate and, in turn, oxygen consumption. Interestingly, hearts subjected to regional cardiac denervation developed greater myocardial stunning than controls in a swine model of coronary artery stenosis, 33 which appeared to involve increased oxidative stress secondary to activation of iNOS in the myocardium.
An interesting finding in the present study was that although only one predominant protein resembling nNOS was detected in the heart, consistent with what was reported previously in rabbits and rats, 15, 24 the mRNA transcripts coding for the nNOS␣ and nNOS variants were expressed at comparable levels under control conditions ( Figure 5A and 5C). This phenomenon may reflect the fact that the half-life of nNOS␣ is only 24% of that of nNOS. 34 Alternatively, it may result from a regulatory mechanism at the translational level that favors the expression of the nNOS protein. In this regard, it is noteworthy that nNOS is one of those genes whose tissue-and developmental stage-specific expression are extensively regulated by translational mechanisms. 35, 36 Regardless of the underlying mechanisms, it appears conceivable based on the current and previous studies 15, 24 that nNOS confers nNOS-mediated functions in the heart. The preferential induction of mRNA transcripts coding for nNOS after ischemic PC ( Figure 5 ) further supports this notion. Although nNOS and nNOS␣ have been reported to possess similar enzymatic activities in vitro, 24, 34 their behavior in vivo under various conditions is completely unknown and warrants future investigation.
Conclusions
The present observations expand our understanding of both the mechanism of late PC and the function of nNOS in the heart. Our findings demonstrate that the antiinfarct effects observed at 72 hours after ischemic PC are associated with, and dependent on, upregulation of COX-2 and nNOS, whereas iNOS is not required at this stage. Thus, these results identify, for the first time, a cardioprotective role of nNOS and demonstrate that the mechanism for the late phase of ischemic PC differs at 72 hours (nNOS) versus 24 hours (iNOS).
